isms. For example, in a variety of species, clock-controlled RNAs and proteins have been characterized (e.g., Loros et al., 1989; Green and Besharse, 1996; Van Gelder and Krasnow, 1996) , but in most cases it is not clear whether rhythmic changes in the abundance of an identi- as Arabidopsis mutations such as toc1, which shorten abundance within a defined group of neuropeptide circadian period (Millar et al., 1995) , have comparable (CCAP) -containing neurons of the ventral nervous effects on the Atgrp7 RNA rhythm (Kreps and Simon, system (VNS), which in other insects are thought to 1997). However, since perturbations of the Atgrp7 rhythm comprise cellular elements of the clock output path-(by Atgrp7 protein overexpression) do not affect all way regulating eclosion.
circadian manner and these rhythmic fluctuations are eliminated in a per 01 mutant population, which lacks circadian clock function, consistent with the idea that lark mediates the clock control of eclosion. Immunocytochemical studies show that lark protein oscillates in abundance within crustacean cardioactive peptide (CCAP) -containing neurons of the ventral nervous system (VNS); these neurons are thought to be cellular components of the output pathway regulating eclosion in other insects. Although oscillating RNAs and proteins have been identified in many organisms, studies of lark have documented a molecular rhythm that mediates the clock control of a complex behavioral process.
Results and Discussion

Lark Protein Oscillates in Abundance in Pupae
Given that lark has properties of a circadian clock output element, we wished to understand how the circadian clock might regulate lark protein activity. In the case of Drosophila and Neurospora clock molecules (frequency, period, and timeless), transcriptional regulatory mech- Sehgal et al., 1995) . However, we previously demtor of protein loading in the different lanes, is shown at the bottom of (A). For this and all other gels, 100 g of protein was loaded in onstrated that lark RNA abundance remains constant each lane. The black and white rectangles at the top of the panels in pupal and adult extracts throughout the diurnal cyindicate night and day portions of the light/dark cycle (LD 12:12) to cle (Newby and Jackson, 1996) . Therefore, it seemed which pupae were entrained. Lark protein cycling was characterized unlikely that transcriptional regulation contributed to in LD 12:12 in five different protein extracts, each from an indepenchanges in lark activity that might mediate the clock dent collection of pupae, and comparable results were obtained control of adult eclosion. each time. We note that we have also observed lark protein cycles in protein extracts prepared from adult head tissues (data not shown), Because of precedents in the circadian and cell-cycle although the functional significance of the rhythm in adults is unliterature, which show that protein cycles can occur in known.
the absence of RNA rhythms (reviewed by Morse et al., 1990; Hunt et al., 1992) , we examined lark protein abundance at different times during the diurnal cycle.
is not simply a light-driven response. Moreover, the temIn these experiments, the abundance of lark was quantiporal profiles of lark abundance and adult eclosion are tated by Western analysis and densitometry (see Experisimilar (e.g., Newby et al., 1991) , although out of phase, mental Procedures) in protein extracts prepared from providing additional evidence that changes in protein late pupae (pharate adults) that had been collected at abundance "gate" eclosion events. Given that peaks of regular intervals throughout the 24 hr cycle. As in past adult eclosion occur at the beginning of the photoperiod studies, lark protein was detected as a 38-40 kDa proin LD 12:12, the phasing of the lark protein cycle, with tein doublet ( Figure 1A) ; gene dosage experiments indilow points in the late night, is also consistent with the cate that both size classes of protein are encoded by hypothesis that lark is a repressor protein. lark (Newby and Jackson, 1996) . Remarkably, however, we also observed rhythmic changes in abundance for both size classes of lark protein in extracts of pupae Lark Protein Abundance Is under Clock Control that had been entrained to a light/dark (LD) cycle ( Figure  If lark actually mediates the clock control of adult eclo-1A); in such conditions, there was a greater than 10-sion, then the protein cycle is expected to continue in fold difference between the peak and trough of lark conditions lacking temporal cues (constant darkness abundance ( Figure 1B ). Since as little as a 2-fold change and temperature), since the eclosion rhythm, itself, perin lark gene dosage can perturb the timing of adult eclosists in constant conditions (Pittendrigh, 1974) . Thus, sion Jackson, 1993, 1996) , it seems likely we examined lark protein abundance in pupal extracts that this magnitude of change in protein abundance prepared from animals that were collected in constant has physiological consequences. In five independent conditions (see Experimental Procedures). In these exreplicates of this experiment (Figures 1 and 3 ; data not periments, mid-stage pupae (day 8 of development) shown), lark protein abundance was high during the were transferred to constant darkness and temperature subjective day and low during the night. Furthermore, (DD) after rearing in LD 12:12, and then pupae were protein abundance increased and decreased progrescollected around the clock on days 10 and 11 of developsively rather than rising or falling precipitously at the time of lights-on and lights-off, indicating that the rhythm ment; i.e., pupae had been in DD for 2-3 days prior to (C) Quantitation of lark abundance in wild-type and per 0 extracts. Gray rectangles indicate the photoperiod to which pupae were enThe lower portions of (A) and (B) show amido black staining for both trained before transfer to constant conditions (see Experimental sets of samples. Procedures). This experiment was repeated twice, using independently collected pupae, with comparable results.
abundance. Changes in abundance might occur through the collection. As shown in Figure 2A , which depicts a clock-regulated translation of lark message or by one complete circadian cycle and part of the next cycle, clock-mediated alterations of lark protein stability. In rhythmic changes in lark abundance persist in DD, althis regard, there is evidence for a clock-controlled though the amplitude of the protein rhythm is slightly translation of specific mRNAs in the marine alga Gonyreduced compared to that observed in light/dark condiaulax (Morse et al., 1990; Mittag, 1996) , although the tions ( Figure 2B ). In DD, the trough of lark protein abunrelevant regulatory factors have not yet been identified. dance is later in the cycle relative to the phase observed in light/dark conditions (compare Figure 2 with Figure 1 ),
The Lark Rhythm Explains the Early-Eclosion and this result is consistent with behavioral observations
Phenotype of lark/ϩ Mutants which show that the Drosophila eclosion rhythm is Our analysis has also demonstrated that lark/ϩ heterophase delayed upon transfer of pupal populations from zygotes have less lark protein than wild-type individuals LD to DD (e.g., .
Additional confirmation of clock regulation was obtained by examining the protein rhythm in a period null (per 01 ) mutant, in which clock function is eliminated (Konopka and Benzer, 1971) . In contrast to the robust cycling observed in wild-type extracts ( Figures 3A and 3C ), in a per 01 pupal population, there was no evidence of diurnal cycling ( Figures 3B and 3C) , and only random fluctuations in lark abundance were observed. This result together with the persistence of the protein rhythm in DD demonstrates that lark cycling is regulated by the circadian clock, consistent with our hypothesis that the protein functions as a clock output element. As modeled in Figure 4 , we postulate that nocturnal decreases in the abundance (and activity) of the lark repressor result in the initiation of eclosion events at the beginning of The size, shape, and positions of these cells in the VNS suggest that they correspond to neurons that contain the neuropeptide CCAP, a peptide known to play an important role in the regulation of insect ecdysis (Gammie and Truman, 1997; Ewer et al., 1997 ; note that adult eclosion represents the final ecdysis during the development of holometabolous insects). Indeed, double-labeling experiments with antibodies against lark and CCAP have confirmed that lark is localized within the CCAP neurons of the T3 and Ab ganglia of the VNS (Figures 6C and 6D ). Within the T3 and Ab ganglia, lark appears to be present within most or all of the CCAP neurons, whereas it is not detected in the three to four CCAP neurons of the T1 and T2 ganglia (data not shown). Experiments in which alternate tissue sections were labeled singly with either anti-lark or anti-CCAP antisera also demonstrated colocalization of the two proteins (data not shown).
The presence of lark within the CCAP neuronal population has functional implications, as the activity of these cells is modulated by eclosion hormone (Gammie and Truman, 1997) and release of CCAP is essential for the 
Lark Oscillates in Abundance Within
at all times of day ( Figure 5 ; data not shown). This result the CCAP Neurons together with the observed diurnal rhythm in lark abunSince lark can be detected within the CCAP neurons, a dance completely explains the early-eclosion phenophysiologically relevant cell population, we examined type exhibited by lark/ϩ individuals. That is to say, we lark abundance within these cells at two different times hypothesize that absolute levels of the lark repressor of day: the end of the photoperiod when lark abundance reach a critical low threshold earlier in the cycle in hetis predicted to be high and the middle of subjective erozygotes than in wild-type individuals, thus resulting night when protein amounts are low. As shown in Figure  in a precocious activation of the eclosion process (Fig-7 , lark was detected within the CCAP neurons at the ure 5; also see the model shown in Figure 4) . end of the photoperiod ( Figure 7A ), whereas it was not detected during the middle of the subjective night in Lark Protein Can Be Detected within Defined three independent experiments ( Figure 7B ; data not Neuronal Cell Types shown); these results are in agreement with our Western Evidence from the study of insect circadian clocks suganalysis. Given the rhythmic changes in lark abundance gests that cellular elements of the nervous system are within the cytoplasm of CCAP neurons, we suggest that critical for the temporal regulation of adult eclosion. a lark-dependent translational control mechanism might Therefore, we have examined the distribution of lark serve to regulate the synthesis or release of the CCAP protein in the Drosophila nervous system in an attempt neuropeptide during the circadian cycle. to identify the cells that are relevant for lark function. As shown in Figure 6 , lark can be detected in the CNS ( Figure 6A ) and the VNS ( Figure 6B) . Interestingly, the Clock Output and RNA-Binding Proteins Although there are many examples of RNA and protein pattern of lark localization within the late-pupal nervous system resembles that of another Drosophila RRM-type rhythms in the circadian literature (e.g., Loros et al., 1989; Wuarin and Schibler, 1990 ; Bell-Pedersen et al., RNA-binding protein known as ELAV (Robinow and White, 1991) , in that protein is localized in the nucleus 1992; Anderson et al., 1994; Green and Besharse, 1996; Van Gelder and Krasnow, 1996; Heintzen et al., 1997 ; of most or all neurons ( Figures 6A, 6B, and 6C ). ELAV has a prominent role in the alternative splicing of neural- Rouyer et al., 1997) , the physiological functions of most of these clock-driven oscillations remain to be deterspecific RNAs (Koushika et al., 1996) . In the VNS, however, lark can also be detected in a subset of large cells, mined, and in some cases the relevant genes appear to represent downstream targets of the clock but cannot and in these cells the protein is predominantly in the cytoplasm (Figure 6B ), suggesting a role in translational easily be thought of as regulatory molecules of a clock output pathway (Bell-Pedersen et al., 1992). In contrast, control. Cell counts from a confocal Z series through (D) show the same paraffin-embedded section through the VNS, which was labeled sequentially with antibodies against lark (C) and CCAP (D). Large arrows indicate the positions of CCAP neurons. The small arrow points to lark staining within photoreceptor nuclei 1-7. The arrowhead shows the nuclear localization of lark in other cells of the VNS. R, L, M, and Lob refer to the retina, lamina, medulla, and lobula of the visual system, respectively. LB indicates the lateral brain region. In control experiments, staining within the CNS and VNS was completely eliminated when diluted lark antibody was preabsorbed with the peptide used to generate the antibody (see Experimental Procedures). Pupae were entrained to an LD 12:12 cycle prior to the preparation of sections.
genetic and phenotypic analysis has identified lark as compartments might be elucidated through the identification of specific RNA targets encoding downstream a circadian clock output element Jackson, 1993, 1996) , and the encoded RNA-binding protein has components of the clock output pathway regulating eclosion. properties expected of a regulatory factor in an output pathway. Thus, it is of interest that RNA-binding proteins have been implicated in clock output in two other circaExperimental Procedures dian systems. In Gonyaulax, there is evidence for a role Drosophila Strains of RNA-binding proteins in the clock-regulated transla-
The Canton-S wild-type strain was used for all experiments, except tion of specific mRNAs (Morse et al., 1990; Mittag, 1996) , of specific RNA targets, the physiological significance of the oscillation is at present unknown.
Detection of Lark Protein
Lark protein was detected using an affinity-purified anti-lark antibody produced against a decapentapeptide representing sequence
Intracellular Localization of Lark
near the carboxyl terminus of the protein (Newby and Jackson, and Biochemical Functions 1996). It was employed at a dilution of 1/45,000 for Western analysis As lark is localized in different intracellular compartand detected using chemiluminescent procedures (Amersham).
ments (nucleus versus cytoplasm) in distinct neuronal
Protein amounts in different samples were quantitated using the Bio-Rad protein assay according to the manufacturer's directions, cell types, the protein might have multiple functions in and gel loading was verified by amido black staining of the Western the processing, transport, and/or translational control blots. Although samples from one pupal collection were often elecof target RNAs. This complex localization pattern is not trophoresed on two different gels, the resulting Western blots were restricted to the pupal stage; we have also observed simultaneously subjected to chemiluminescent detection.
both nuclear and cytoplasmic localization of the protein Lark and CCAP were detected in whole mounts of the VNS by in certain larval tissues such as the Malpighian tubules confocal analysis or in 8 m paraffin sections using standard procedures (Robinow and White, 1991) . (1996) . Identification of a novel levels or not at all during the night (4-6 hr after lights-off) in three vertebrate circadian clock-regulated gene encoding the protein independent experiments. While only a single section is shown in nocturnin. Proc. Natl. Acad. Sci. USA 93, 14884-14888. (B), we examined serial sections of entire individuals in this experiHardin, P.E., Hall, J.C., and Rosbash, M. (1992) . Circadian oscillament and others to confirm the absence of lark immunoreactivity tions in perid gene mRNA levels are transcriptionally regulated. Proc. within the CCAP neurons of the VNS. Pupae were entrained to LD Natl. Acad. Sci. USA 89, 11711-11715. 12:12.
Heintzen, C., Nater, M., Apel, K., and Staiger, D. (1997) . AtGRP7, a nuclear RNA-binding protein as a component of a circadian-reguand CCAP antibodies were both generated in rabbits, we used a lated negative feedback loop in Arabidopsis thaliana. Proc. Natl. slightly different procedure for double-labeling experiments. For that Acad. Sci. USA 94, 8515-8520. analysis, lark and CCAP antibodies were applied sequentially, with Hunt, T., Luca, F.C., and Ruderman, J.V. (1992) . The requirements the addition of unconjugated anti-rabbit secondary antibody (1/10 for protein synthesis and degradation, and the control of destruction dilution) between the first conjugated secondary antibody and the of cyclins A and B in the meiotic and mitotic cell cycles of the clam second primary antibody. In control experiments, the addition of embryo. J. Cell. Biol. 116, 707-724. unconjugated secondary antibody completely blocked the remainHunter-Ensor, M., Ousley, A., and Sehgal, A. (1996) . Regulation of ing primary antibody binding sites and prevented cross-reaction the Drosophila protein timeless suggests a mechanism for resetting of the two different secondary antibodies. In addition, we always the circadian clock by light. Cell 84, 677-685. detected a few CCAP-positive neurons within the T1 and T2 ganglia of the VNS that were not lark positive, further attesting to the speciKing, D.P., Zhao, Y.L., Sangoram, A.M., Wilsbacher, L.D., Tanaka, ficity of the antibody staining reactions.
M., Antoch, M.P., Steeves, T.D.L., Vitaterna, M.H., Kornhauser, J.M., Lowrey, P. L., et al. (1997) . Positional cloning of the mouse circadian Quantitation of Lark Abundance Clock gene. Cell 89, 641-653. The abundance of lark protein on Western blots was determined by Konopka, R.J., and Benzer, S. (1971) . Clock mutants of Drosophila chemiluminescent detection coupled with digital scanning of X-ray melanogaster. Proc. Natl. Acad. Sci. USA 68, 2112-2116. films. The latter analysis utilized a Kodak digital camera system to Koushika, S.P., Lisbin, M.J., and White, K. (1996) . ELAV, a Drosophila capture film images and the Millipore BioImage analysis software neuron-specific protein, mediates the generation of an alternatively to identify bands and determine the integrated optical density for spliced neural protein isoform. Curr. Biol. 6, 1634-1641. each band. The scale for optical density was established by scanKreps, J.A., and Simon, A.E. (1997) . Environmental and genetic efning an optical density wedge. Importantly, digital scanning of films fects on circadian clock-regulated gene expression in Arabidopsis. detected the expected ‫-2ف‬fold difference in lark abundance in proPlant Cell 9, 297-304. tein samples prepared from flies carrying one and two doses of the wild-type lark ϩ gene ( Figure 5 ; data not shown). Lavery, D.J., and Schibler, U. (1993). Circadian transcription of the
